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" LLE data of glycerol + ethanol + ethylic biodiesel from macauba oil was determined.
" NRTL and UNIQUAC parameters were estimated; UNIFAC parameters were tested.
" LL thermodynamic ﬂash was performed considering biodiesel settling step.
" Ethanol in excess hamper the biodiesel settling.
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The aim of this study was to obtain experimental data related to liquid–liquid equilibrium (LLE) of sys-
tems containing glycerol + ethanol + ethyl biodiesel from macauba pulp oil, perform thermodynamic
modeling and simulate the settling step of this biodiesel using simulation software. Binary interaction
parameters were adjusted for NRTL and UNIQUAC models. The UNIFAC-LLE and UNIFAC-Dortmund mod-
els were used to predict the LLE of the systems. A sensitivity analysis was applied to the settling step to
describe the composition of the output streams as a function of ethanol in the feed stream. Ethanol had
greater afﬁnity for the glycerol-rich phase. The deviations between experimental data and calculated val-
ues were 0.44%, 1.07%, 3.52% and 2.82%, respectively, using the NRTL, UNIQUAC, UNIFAC-LLE and UNIFAC-
Dortmund models. Excess ethanol in the feed stream causes losses of ethyl ester in the glycerol-rich
stream and high concentration of glycerol in the ester-rich stream.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Biodiesel, deﬁned asmono-alkyl esters of fatty acid from vegeta-
ble oil or animal fats, is an environmentally attractive alternative to
conventional petroleum diesel fuel. Produced by transesteriﬁcation
with a mono-hydric alcohol, biodiesel presents many important
technical advantages over petroleum diesel including low toxicity,
derivation from renewable feedstocks, superior biodegradability,
negligible sulfur content, higher ﬂashpoint and lower exhaust emis-
sions (Moser, 2009). In transesteriﬁcation, the reaction by which
biodiesel is produced, the stoichiometric relationship between alco-
hol and oil is 3:1, however an excess of alcohol is typically employed
to improve the reaction towards the desired product. In transesteri-
ﬁcation using supercritical alcohols or in acid catalysis transesteriﬁ-cation/esteriﬁcation, the initial molar ratio alcohol:oil used is about
39:1 and 29:1, respectively (Valle et al., 2010; Zhang et al., 2012).
Typically, in alkali catalysis, either sodium or potassium hydroxide
is used as catalyst along with methanol or ethanol and any type of
oil or fat (Marchetti et al., 2007).
Despite its elevated price in relation to methanol, the advanta-
ges of using ethanol in biodiesel production include higher misci-
bility with vegetable oils that allows better contact in the
reaction step and lower toxicity. Although commercial processes
use vegetable oils and methanol in the transesteriﬁcation reaction,
the use of ethanol in biodiesel synthesis is appealing because it is
produced from biorenewable sources, resulting in a completely
agricultural-based fuel obtained by ethanolysis (Encinar et al.,
2002; Stamenkovic et al., 2011). Based on this point of view, in re-
cent years, several different technologies have been considered to
optimize ethyl biodiesel production (Sawangkeaw et al., 2011;
Kanitkar et al., 2011; Zhang et al., 2012).
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tant physical properties of biodiesel. Melting point, the property
related to biodiesel cold ﬂow, is affected by molecular weight,
number and conﬁguration of double carbon bonds and branching
of the carbon chain (Knothe and Dunn, 2009). Oxidative stability
is associated to tendency of biodiesel to suffer autoxidation and,
indirectly, polymerization. This property is inversely related to
the degree of unsaturation of alkyl esters (Knothe et al., 2005). Vis-
cosity is one of the most important factors affecting the in-cylinder
atomization process in direct-injection diesel engines (Yuan et al.,
2009). Viscosity is reduced by shorter chain length and the pres-
ence of cis-double bonds. The trans-double bonds have less effect
on viscosity compared to saturated compounds with an equal
number of carbons. An OH group in the chain considerably in-
creases viscosity (Knothe and Steidley, 2007).
Biodiesel from macauba pulp oil is composed mainly of inter-
mediate alkyl esters (16 and 18 carbons in the fatty acid chain),
with more than ﬁfty percent monounsaturated alkyl esters and
about twenty ﬁve percent esters from palmitic acid (Coimbra and
Jorge, 2012). Therefore, when considering the melting point, oxida-
tive stability and viscosity related to chemical composition, esters
from macauba pulp oil make up an interesting raw material for
biodiesel production.
Ethyl biodiesel is produced in countries were ethanol is readily
available. Two immiscible phases are formed in the settling step of
ethyl biodiesel puriﬁcation, an upper phase composed mainly of
biodiesel and ethanol, and a lower phase composed mainly of glyc-
erol and ethanol; therefore, design of this step in the biodiesel pro-
duction process is directly related to the study of liquid–liquid
equilibrium (LLE) in systems containing these components.
Different thermodynamic models, using association parameters,
have been used in LLE modeling of systems containing glyc-
erol + short chain alcohol + fatty acid alkyl esters. Barreau et al.
(2010), using a group contribution method combined with a statis-
tical associating ﬂuid theory equation of state (GC-PPC-SAFT) in
modeling of systems containing methanol + glycerol + methyl ole-
ate, reported an overestimated region of phase separation and an
underestimated solubility of methyl ester in glycerol rich-phase
by this model. Oliveira et al. (2011) and Follegatti-Romero et al.
(2012), using cubic plus association equation of state (CPA-EOS)
in modeling of systems containing glycerol + ethanol + ethyl bio-
diesel from canola oil or different pure ethyl esters obtained aver-
age deviations of 2.6%, for the ﬁrst and ranging from 2.7 to 12.5%,
for the last. Andreatta et al. (2008) and Andreatta (2012), modeling
systems containing glycerol + methyl oleate + methanol or ethanol,
obtained average and maximum deviations, respectively, ranging
from 0.004 to 0.006 and from 0.012 to 0.047 (system with metha-
nol), and ranging from 0.001 to 0.004 and from 0.009 to 0.012 (sys-
tem with ethanol) using a group contribution model with
association equation of state (GCA-EOS). In these two last works,
the same systems were modeled using a UNIFAC with association
(A-UNIFAC) activity coefﬁcient model, resulting on average and
maximum deviations ranging from 0.005 to 0.007 and from 0.011
to 0.065 (system with methanol), and ranging from 0.001 to
0.0013 and from 0.002 to 0.036 (system with ethanol).
The use of NRTL and UNIQUAC has resulted in low deviations
between experimental and calculated data. Lee et al. (2010), using
NRTL and UNIQUAC in the modeling of systems containing glyc-
erol + methanol + methyl oleate or methyl linoleate, obtained aver-
age deviations, respectively, ranging from 0.0075 to 0.0196 and
from 0.0049 to 0.0071. Basso et al. (2012), in the modeling of sys-
tem containing glycerol + ethanol + ethyl biodiesel from crambe
oil, obtained average absolute deviations ranging from 0.53 to
0.99%. Mesquita et al. (2011) used NRTL in modeling of systems
containing glycerol + ethanol + ethyl biodiesel from soybean orfrom sunﬂower oil, resulting on deviations, respectively, ranging
from 1.8 to 2.5% and from 1.4 to 1.6%.
The use of the NRTL and UNIQUAC models have resulted in
properly description of these systems. At same time, UNIFAC (LLE
or DRTM) are the most used models in design analysis and process
simulation due their predictive capability, wide range of applica-
bility and large amount of group interaction parameters. Moreover,
these four models are previously programmed in simulation soft-
ware Aspen Plus which allow their ready use in a great variety of
process analysis.
Despite of the previously studies, there are little data about LLE
of real systems containing ethyl biodiesel + ethanol + glycerol. At
same time, only one among the published studies in scientiﬁc
literature (Basso et al., 2012) quantiﬁes each individual fatty acid
alkyl ester in both phases, which really proves the pseudo-compo-
nent concept in relation to behavior of LLE of biodiesel and allows a
deeply analysis of these multi-component systems by group con-
tribution models without additional assumptions. Furthermore,
despite of the importance of the settling step in biodiesel produc-
tion due to the losses of biodiesel in the glycerol rich-phase and the
contamination of biodiesel rich-phase with glycerol, comparisons
between thermodynamic gE models in the sensitivity analysis of
this step in ethyl biodiesel production by simulation software are
not found in scientiﬁc literature.
At this way, the objective of the present study was obtain LLE
data for systems composed of glycerol (1) + ethanol (2) + fatty acid
ethyl esters from macauba pulp oil (3) at 298.2 K, adjust parame-
ters of the NRTL and UNIQUAC models and test the predictions
for the LLE of the system based on UNIFAC-LLE and UNIFAC-Dort-
mund (UNIFAC-DRTM) models. Additionally, a sensitivity analysis
was performed by varying the mass fraction of ethanol at the
beginning of a hypothetical settling for a system containing glyc-
erol and ethyl biodiesel frommacauba pulp oil to test the inﬂuence
of ethanol in excess in the biodiesel settling and how the LLE
behavior of this system is affected according to the thermodynamic
model used in simulation.2. Methods
2.1. Experimental procedure
2.1.1. Material
Crude macauba pulp oil was graciously supplied by Paradigma
Óleos Vegetais Ltda (Jaboticatubas/MG, Brazil). Prior to biodiesel
production, the oil was homogenized and neutralized in the
laboratory.
Glycerol (Sigma, >0.99; water <0.003), ethanol (Merk, >0.999),
methanol (Honeywell, 0.9999), anhydrous sodium hydroxide
(Carlo Erba, >0.97), ethyl myristate (Tecnosyn, >0.99) and glacial
acetic acid (Ecibra, >0.997) were used in the diverse stages of this
work with no further puriﬁcation.2.1.2. Biodiesel production
Biodiesel from macauba pulp oil was obtained by alkaline catal-
ysis. Sodium hydroxide (1% in relation to vegetable oil weight) was
dissolved, prior to reaction, in ethanol under vigorous agitation in a
magnetic stirrer. The reagent molar ratio was 1:6 (oil:ethanol),
considering the average molar mass of triacylglycerols in macauba
pulp oil. The reaction was maintained for 1 h under agitation at
room temperature (approximately T/K = 298) before being stopped
by the addition of glacial acetic acid.
This mixture was then transfer to a separatory funnel for glyc-
erol decanting. Deionized water was used to wash the system at
least ﬁve times for removal of residual soaps, glycerol and ethanol.
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alcoholic solution, and residual water was removed by ﬁltration of
the ester in sodium sulphate.
A distilled fatty acid ethyl ester mixture from macauba pulp oil
(FAEE) was obtained by distillation under approximately P/
mmHg = 2.25 and T/K = 508.15.2.1.3. Liquid–liquid equilibrium experiments
LLE jacketed glass cells (about 50 cm3), with one lower and one
upper canal for sample removal, were used for determination of
LLE data. Each component was weighted on a Precisa analytical
balance, model XT 220A (Sweden), accurate to m/g = 0.0001. The
mixtures were vigorously agitated for 20 min with a Cole Parmer
magnetic stirrer, model No. 4817. All systems were left to rest
for at least 12 h with temperature maintained at T/K = 298.2 using
a Cole Parmer thermostatic bath, model 12101–55, (Chicago, IL,
USA) accurate to T/K = 0.1. Two clear layers and a well deﬁned
interface were formed when the systems reached the equilibrium
state, where the upper layer was the ester-rich phase (EP) and
the lower layer the glycerol-rich phase (GP).2.1.4. Analytical methodology
Composition of the fatty acid ethyl esters mixture was deter-
mined using a Perkin Elmer gas chromatographic system, Clarus
600, FID detector, with an Agilent capillary column (crossbond,
50% cyanopropylphenyl – 50% dimethylpolysiloxane), length of
30 m, internal diameter of 0.25 mm and ﬁlm thickness of 0.25 lm,
according to the methodology described by Basso et al. (2012).
Glycerol, fatty acid ethyl esters and ethanol where quantiﬁed by
a minimum of three repetitions in each equilibrium phase by a Per-
kin Elmer gas chromatographic system, Clarus 600, FID detector,
with an Agilent capillary column (crossbond, 50% cyanopropylphe-
nyl – 50% dimethylpolysiloxane), length of 30 m, internal diameter
of 0.25 mm and ﬁlm thickness of 0.25 lm according to the meth-
odology developed by Basso et al. (2012). Each component in the
liquid–liquid equilibrium phases was quantiﬁed by a different cal-
ibration curve, using nine concentration levels of pure ethanol,
eight concentration levels of ethyl myristate (as standard of ethyl
ester class) and eleven concentration levels of pure glycerol. The
higher combined uncertainty in relation to the three calibration
curves was 0.0037.2.2. Calculation approach
2.2.1. Calculation of deviations in mass balance
Validity of the LLE data was evaluated according to the proce-
dure developed by Marcilla et al. (1995) and applied by Rodrigues
et al. (2005). In this procedure, the sum of the calculated mass in
both liquid phases is compared with the actual value for total mass
used in the experiment. The mass balance of each component can
be calculated according to Eq. (1).
MOCwOCi ¼ MGPwGPi þMEPwEPi ð1Þ
where i represents each component of the system; MOC is the mass
of the overall composition (initial mixture);MGP andMEP are the to-
tal masses of the glycerol-rich and ester-rich phases, respectively;
wOCi is the mass fraction of component i in the initial mixture;
and, wGPi and w
EP
i are the mass fractions of the component i, respec-
tively, in the glycerol-rich and ester-rich phases.
When applying K equations related to K balances, the values of
MGP andMEP can be calculated from the experimental mass fraction
of component in both phases (wGPi and w
EP
i ) by least square ﬁtting.
Considering M as the matrix formed by the values of wOCi , B as the
transformation matrix formed by wGPi and w
EP
i , and P as the matrixformed by the masses of the phasesMGP andMEP, the system can be
mathematically described as:
M ¼ B  P ð2Þ
Eq. (2) can be transformed into the expression below:
P ¼ ðBTBÞ1BTM ð3Þ
where BT is the transposed matrix of B and (BTB)1is the inverse
matrix of (BTB).
Thus, the values of MGP and MEP which minimize the deviations
of the system can be obtained, and the sum of MGP and MEP can be
compared to MOC to calculate the overall mass balance deviation
by:
dð%Þ ¼ 100  jðM
GP þMEPÞ MOC j
MOC
ð4Þ
The relative average deviation for the mass balance of each
component is given by:
dið%Þ ¼
XN
n
100  jðw
GP
i;nM
GP þwEPi;nMEPÞ wOCi;nMOC j
wOCi;nM
OC
" #
ð5Þ
where n is the tie line number and N is the total number of tie lines
at each temperature.
Relative deviations in average molar mass of FAEE in the glyc-
erol-rich and ester-rich phases in relation to average molar mass
of the original biodiesel from macauba pulp oil was calculated
according to Eq. (6):
d ¼ 100  jM
p Mbmj
Mbm
ð6Þ
whereMp is the average molar mass of the FAEE pseudo-component
in the glycerol-rich or ester-rich phase andMbm is the average molar
mass of the original biodiesel from macauba pulp oil.
2.2.2. Othmer–Tobias equation
In addition to the mass balance, the LLE of the systems was
tested according to Othmer and Tobias (1942), Eq. (7).
log
1wEP1
 
wEP1
¼ aþ b  log 1w
GP
3
 
wGP3
ð7Þ
where wEP1 is the glycerol mass fraction in the ester phase, w
GP
2 is the
FAEE mass fraction in the glycerol phase, a is the linear coefﬁcient
and b is the angular coefﬁcient.
2.2.3. Modeling procedure
Modeling was performed using the simulation software Aspen-
Plus (Aspen Technology). Average deviations between the experi-
mental and calculated compositions in both phases were
determined according to Eq. (8).
Dw ¼ 100

PN
n
PK
i w
GP;exp
i;n wGP;calci;n
 2
þ wEP;expi;n wEP;calci;n
 2 
2NK
8><
>:
9>=
>;
1=2
ð8Þ2.2.3.1. NRTL and UNIQUAC modeling approaches. The experimental
datameasuredwere used to adjust all binary interaction parameters
of the NRTL and UNIQUAC models. In relation to these thermody-
namic models, the mixture of fatty acid ethyl esters was treated as
a single ethyl ester with a molecular structure that presents the
average molar mass of the ethyl ester mixture. In the pseudo-
molecule structure assembling, the quantity of each group, taken
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was weighted by its molar fraction and rounded to the closest inte-
ger number. This approach assumes that the mixture of different
fatty acid ethyl esters behaves similarly in the systems. The validity
of this approach, considering a mixture of ethyl esters from crambe
oil as a pseudo-component, was proved by Basso et al. (2012) who
obtained maximum deviation between the average molar mass of
esters in both phases and the molar mass of the pseudo-component
equal to 5.22%.Other authors used the pseudo-component approach
in relation to vegetable oils, considering them as pseudo-compo-
nents with an average molar mass of the triacylglycerol mixture
(Rodrigues et al., 2005; Batista et al., 1999; Lanza et al., 2008).
The NRTL model, developed by Renon and Prausnitz (1968), is
described as:
lnci ¼
X
j
xjsjiGjiX
k
xkGki
þ
X
j
xjGijX
k
xkGkj
sij 
X
m
xmsmjGmjX
k
xkGkj
0
BB@
1
CCA ð9ÞGij ¼ expðaijsijÞ ð10Þsij ¼ bijT ð11Þsii ¼ 0 ð12Þ
where ci is the activity coefﬁcient of component i; xi is the molar
fraction of the component i in the mixture; Gij is the NRTL parame-
ter; sij is the NRTL binary molecular energy interaction parameter;
aij is the NRTL non-randomness binary interaction parameter; T is
the absolute temperature; bij is the NRTL adjustable parameter;
and i, j, k, m are components of the systems.
The UNIQUAC model, presented by Abrams and Prausnitz
(1975), is represented by:
lnci ¼ ln /ixi þ
z
2 qi ln hi
/i
 qiln
X
k
hkski
 !
 qi
X
j
hjsijP
khkskj
þ li
þ qi 
/i
xi
X
j
xjlj ð13Þhi ¼ qixX
k
qkxk
ð14Þ/i ¼
rixiX
k
rkxk
ð15Þli ¼ z2 ðri  qiÞ þ 1 ri ð16Þsij ¼ exp bijT
 	
ð17Þri ¼
X
k
v ikRk; qi ¼
X
k
v ikQk ð18Þ
where /i is the volume fraction of the component i; z is the coordi-
nation number (equal to 10); hi is the area fraction of component i;
ri is the volume parameter for component i; qi is the surface area
parameter for component i; sij is the UNIQUAC parameter; bij is
the UNIQUAC adjustable parameter; Rk and Qk are, respectively,
the group volume parameter and the group area parameter calcu-
lated according to Bondi (1968).2.2.3.2. UNIFAC modeling approach. The UNIFAC thermodynamic
model was used to predict the LLE of the system. Structural molec-
ular groups selected to represent the studied systems were ‘‘CH3’’,
‘‘CH2’’, ‘‘CH’’, ‘‘CH@CH’’, ‘‘CH2COO’’ and ‘‘OH’’.
UNIFAC-LLE and UNIFAC-DRTMwere used to test the prediction
capability of LLE data. The model denoted as UNIFAC-LLE was pre-
sented by Fredenslund et al. (1975), and its binary interaction
parameters for LLE were updated by Magnussen et al. (1981).
The model denoted as UNIFAC-DRTM was presented by Weidlich
and Gmehling (1987), and the binary interaction parameters for
LLE used were updated by Gmehling et al. (2002).
All individual fatty acid ethyl esters were considered for UNIFAC
modeling calculations. Thus, the systems were represented by
glycerol, ethanol and six fatty acid ethyl esters. However, in ternary
diagram representations the esters were grouped by the addition
of each individual ester mass fraction, and the systems were graph-
ically represented as a pseudo-ternary system containing glycerol
(1) + ethanol (2) + FAEE (3).
The ternary diagrams were represented using the mass frac-
tions obtained by the UNIFAC-LLE and UNIFAC-DRTM models to
compare the different behavior of the LLE in relation to the param-
eters applied.
2.3. Sensitivity analysis
The sensitivity analysis was performed using the simulation
software AspenPlus (Aspen Technology). Two molecular models,
NRTL and UNIQUAC, with the respectively sets of regressed param-
eters, as well as two different predictive models, UNIFAC-LLE and
UNIFAC-DRTM, were used in the process analysis. A ﬁxed molar ra-
tio of 1 (glycerol) to 3 (FAEE) in the feed stream (FS) was considered
as the result for completely conversion of 1 mol of triacylglycerols
frommacaúba oil into 1 mol of glycerol and 3 mol of fatty acid ethyl
esters. Thus, the effect of different excessive ethanol quantities at
the end of the transesteriﬁcation reaction in the biodiesel settling
step was analyzed. At this way, the mass ﬂow of ethanol in the FS
was gradually increased up to the point that the system did not split
in two different phases.
3. Results and discussions
Table 1 shows that the fatty acid ethyl ester mixture from
macauba pulp oil contained more than 20% ethyl palmitate and
61% monounsaturated fatty acid ethyl esters, of which about 4%
are ethyl ester from palmitoleic acid. The average molar mass of
the FAEE as pseudo-component, calculated from this ethyl ester
proﬁle, was 303.29 M/(g mol1) which was rounded to the pseu-
do-molecule with molar mass equal to 310.52 M/(g mol1).
Each of the individual fatty acid ethyl ester compositions per tie
line is shown in Table 2. The average molar mass of the ester mix-
tures in each phase of all systems was calculated. The deviation be-
tween each average molar mass and the molar mass of the pseudo-
molecule were compared to verify the validity of representing the
ester mixture for the entire system by this assumption. All devia-
tions were similar, in the range from 1.60% to 2.85%, indicating that
ethyl esters behave similarly in each phase of all systems. The low
deviation in average molar mass of both phases indicates that rep-
resenting FAEE as a pseudo-molecule can be applied to the systems
in this study.
The linear, angular and linear correlation coefﬁcients, a, b and
R2, obtained from Othmer and Tobias equation (Eq. (7)) were
1.251, 0.334 and 0.9893, respectively. Approximation of R2 to one
indicates the good consistency of LLE experimental data.
Combined uncertainties from chromatographic analysis of the
GP and EP were lower than 0.0146, indicating good accuracy of
the analytical procedure. The maximum deviation in the mass bal-
Table 1
Ethyl ester composition of FAEE.
Fatty acid group in ethyl ester Component Molecular formula M/(g mol1) 100 wa
C16:0 Hexadecanoic acid, ethyl ester C18H36O2 284.48 20.78
C16:1 (Z)-9-Hexadecenoic acid, ethyl ester C18H34O2 282.46 3.97
C18:0 Octadecanoic acid, ethyl ester C20H40O2 312.53 2.79
C18:1 (Z)-9-Octadecenoic acid, ethyl ester C20H38O2 310.51 57.37
C18:2 (Z,Z)-9,12-Octadecadienoic acid, ethyl ester C20H36O2 308.50 14.13
C18:3 (Z,Z,Z)-9,12,15-Octadecatrienoic acid, ethyl ester C20H34O2 306.48 0.96
FAEE (pseudo-component) 303.29
a Ethyl ester mass fraction in FAEE.
Table 2
Individual fatty acid ethyl ester composition per tie line in each phase at T/K = 298.2.a
C18H36O2 C18H34O2 C20H40O2 C20H38O2 C20H36O2 C20H34O2 M/(g mol1)b dc
100wk 100wk 100wk 100wk 100wk 100wk
Glycerol-rich phase
0.2586 0.0472 0.0232 0.5138 0.1468 0.0104 301.6727 2.85
0.2291 0.0537 0.0181 0.5274 0.1598 0.0119 302.2393 2.67
0.2383 0.0550 0.0187 0.5165 0.1590 0.0125 301.9518 2.76
0.1757 0.0678 0.0140 0.5397 0.1880 0.0148 303.1920 2.36
0.0705 0.0826 0.0099 0.5947 0.2232 0.0191 305.5332 1.60
0.1653 0.0742 0.0134 0.5524 0.1716 0.0231 303.2855 2.33
Ester-rich phase
0.2097 0.0380 0.0268 0.5779 0.1390 0.0086 303.2922 2.33
0.2113 0.0382 0.0265 0.5765 0.1389 0.0086 303.2392 2.34
0.2142 0.0385 0.0262 0.5736 0.1390 0.0085 303.2392 2.34
0.2118 0.0385 0.0263 0.5762 0.1385 0.0087 303.2195 2.35
0.2144 0.0385 0.0264 0.5722 0.1398 0.0087 303.1445 2.37
0.2095 0.0390 0.0259 0.5762 0.1407 0.0087 303.2625 2.34
a Relative uncertainties u are u(T/K) = 0.1, combined u(w) = 0.0146.
b Average molar mass of pseudo-component biodiesel in each phase per tie line.
c Deviation between average molar mass of FAEE in phase and molar mass of pseudo-molecule.
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(Table 3), demonstrating the good quality of the LLE experimental
data. This result conﬁrm the good linear correlation coefﬁcient (R2)
obtained in Eq. (7).
The overall, ester-rich phase and glycerol-rich phase composi-
tions of each tie line, considering the systems as pseudo-ternary,
were presented in Table 3.The NRTL and UNIQUAC binary interac-
tion parameters are showed in Table 4. Average deviations between
experimental and calculated composition, obtained from Eq. (8),
were 0.44% and 1.07% respectively to the NRTL and the UNIQUAC
models. The NRTL model accurately described the LLE behavior of
the systems. On the other hand, the UNIQUAC model does not show
the same precision, although it can be used for description of the
system in an appropriate way. This relative high deviation is mainly
due to poor description of the tie line containing higher mass frac-
tion of ethanol in the overall composition, close to the plait point,
resulting in a relative high deviation of 2.32%.Table 3
Liquid–liquid equilibrium data for pseudo-ternary system ethanol (1) + glycerol (2) + FAEE
Overall composition Ester-rich phase
100w1 100w2 100w3 100w1 100w2
20.00 39.99 40.01 2.02 20.62
25.00 35.00 40.00 1.71 16.55
30.17 30.19 39.64 1.15 13.14
35.14 24.95 39.91 0.77 10.38
39.99 19.99 40.02 0.59 7.89
45.21 14.94 39.85 0.41 5.58
a Relative uncertainties u are u(T/K) = 0.1, combined u(w) = 0.0146.
b Overall mass balance deviation according to Eq. (4).LLE data calculated by the NRTL and the UNIQUAC models are
similar in the glycerol-rich phase side for the region containing
more than about 40% of glycerol, and in the region close to the bot-
tom of the ternary diagram, where the calculated binodal curves
almost overlap, as can be observed in Fig. 1. At the region of binod-
al curves around the plait points, between about 40% of glycerol in
the GP to 65% of ester in the EP, the binodal curve calculated by the
NRTL model showed a larger region of phase separation. The plait
point calculated by the UNIQUAC model in relation to the plait
point calculated by the NRTL model is slightly displaced to the re-
gion near the top of diagram, where the mass fraction of ethanol is
high. Tie lines calculated by the NRTL model and the experimental
data almost overlap, indicating an accurate description of the LLE
for the system by the model and conﬁrming the low deviations be-
tween experimental data and calculated compositions. The UNI-
QUAC model does not properly describe the two tie lines in
region containing greater ethanol concentrations, although the(3) at T/K = 298.a
Glycerol-rich phase d (%)b
100w3 100w1 100w2 100w3
77.36 37.29 57.68 5.03 0.1320
81.74 47.30 50.49 2.21 0.1452
85.71 55.50 43.41 1.09 0.0483
88.85 63.57 36.12 0.31 0.1290
91.52 70.15 29.75 0.10 0.1246
94.01 78.07 21.89 0.04 0.0309
Table 4
UNIQUAC and NRTL model binary interaction parameters of the systems containing glycerol + ethanol + FAEE.
Pairija UNIQUAC NRTL
bij bji bij bji a(0)ij = a(0)ji
Glycerol–ethanol 765.6455 283.9823 121.1653 410.6344 0.3529
Glycerol–FAEE 219.7569 449.7753 5670.2749 1476.0039 0.1564
Ethanol–FAEE 63.9871 246.9285 660.7830 134.0654 0.7037
a Component of binary interaction.
Table 5
Stream compositions in the settling simulation, considering the feed stream molar
composition 1 (glycerol): 3 (ethanol): 3 (FAEE), according to each thermodynamic
model used.
Models Glycerol-rich stream Ester-rich stream
100w1a 100w2a 100w3a 100w1a 100w2a 100w3a
NRTL 65.53 34.13 0.34 0.74 9.31 89.95
UNIQUAC 65.48 34.18 0.34 0.71 9.29 90.00
UNIFAC-LLE 49.06 50.26 0.68 0.02 4.62 95.36
UNIFAC-DRTM 54.80 45.04 0.16 0.03 6.44 93.53
a w1, w2, w3 are, respectively, mass fractions of glycerol, ethanol and FAEE.
Fig. 1. Liquid–liquid equilibrium diagram of the system containing glycerol
(1) + ethanol (2) + FAEE (3) at T/K = 298.2: (w) mass fraction of the component;
(___) NRTL; (- - -) UNIQUAC; (d) NRTL plait point; (j) UNIQUAC plait point; (s)
experimental data.
Fig. 2. Liquid–liquid equilibrium diagram of the system containing glycerol
(1) + ethanol (2) + FAEE (3) at T/K = 298.2: (w) mass fraction of the component;
(___) UNIFAC-DRTM; () UNIFAC-LLE; (s) experimental data.
Fig. 3. FAEE (3) concentration in the glycerol-rich stream (GRS) as a function of
ethanol (2) in the feed stream (FS): (___) NRTL, (- - -) UNIQUAC, () UNIFAC-LLE, (___)
UNIFAC-DRTM.
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data.
The UNIFAC-LLE and UNIFAC-DRTMmodels underestimated the
ethanol mass fraction in the EP, however this effect was greater
when using the ﬁrst model. Similarly, the predictive models over-
estimated the ethanol mass fraction in the GP, especially in the re-
gion near the plait point. Thus the slope of the calculated tie lines
was more accentuated than the slope of the experimental tie lines,
according to Fig. 2. These two models underestimated the decrease
in phase separation as a function of the increase in the ethanol
mass fraction. At same time, UNIFAC models underestimated theglycerol content in ester rich-phase and underestimated the ester
content in glycerol rich-phase at high ethanol mass fraction. Both
models result in higher deviations between calculated and experi-
mental tie lines in regions with increased ethanol concentrations.
These deviations decreased gradually until the region near the bot-
tom of the diagram where minor deviations values were observed.
Average deviations between experimental and calculated mass
fractions according to Eq. (8) were 3.52% and 2.82%, respectively,
using the UNIFAC-LLE and UNIFAC-DRTM.
Similar improperly description in LLE modeling of systems con-
taining metanol, glicerol and methyl oleate was obtained by
Barreau et al. (2010) using group contribution method combined
with a statistical associating ﬂuid theory equation of state (GC-
PPC-SAFT). They reported an overestimated region of phase separa-
tion and an underestimated solubility of methyl ester in glycerol
rich-phase.
In a hypothetical complete transesteriﬁcation reaction initiated
with 3 mol of excess ethanol, which is typical in alkaline catalyzed
Fig. 4. Glycerol (1) concentration in the ester-rich stream (ERS) as a function of ethanol (2) in the feed stream (FS): (___) NRTL, (- - -) UNIQUAC () UNIFAC-LLE, (___) UNIFAC-
DRTM.
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(glycerol): 3 (ethanol): 3 (FAEE), resulting in mass fractions
respectively equal to 0.08: 0.12: 0.80. This compositionmay be con-
sidered as the FS of an ideal decanter during biodiesel settling. By
simulating this biodiesel puriﬁcation step using the simulator
AspenPlus (Aspen Technology), the compositions of the glycerol-
rich stream (GRS) and of the ester-rich stream (ERS), according to
the thermodynamic model used, are presented in Table 5 The com-
positionsobtainedby theNRTLmodel,which resulted inminordevi-
ations in relation to the experimental data, and the UNIQUACmodel
were similar for both streams. From these results, glycerol concen-
trations in the ERS are about 0.7%, greater than 0.02% which is the
maximum level accepted according to biodiesel quality standards,
indicating theneed for additional puriﬁcationof this phase for appli-
cation as biodiesel fuel. On the other hand, based on the results ob-
tained by the predictive models, the glycerol concentration in the
ERS would be much lower, and according to the results of the UNI-
FAC-LLE, the ERS would exempt further puriﬁcation with respect
to glycerol removal for use as biodiesel fuel. In contrast, the UNI-
FAC-LLE model overestimates FAEE losses in the GRS.
In the sensitivity analyses, while the NRTL and UNIQUAC mod-
els determined a phase split up to, respectively, 43.4% and 39.6% of
ethanol in the FS, the UNIFAC-LLE and UNIFAC-DRTM models
determined phase separation up to, respectively, 77.1% and
74.0%. Fig. 3 shows the two predictive models, compared to molec-
ular models, underestimate FAEE losses in the GRS above 25% of
ethanol in FS. The increasing of ethanol, from this level, results in
higher differences between FAEE in GRS calculated by molecular
and predictive models. The NRTL model indicated a greater FAEE
mass fraction in the GRS compared with the UNIQUAC model,
where this difference increased as a function of the mass fraction
of ethanol in the FS. As can be observed at Fig. 4, considering the
ERS composition, both NRTL and UNIQUAC models presented sim-
ilar results up to about 30% of ethanol in the FS, where after this
point the UNIQUACmodel overestimates the glycerol mass fraction
in the ERS. The UNIFAC-LLE and UNIFAC-DRTM models did not
present properly description of the composition of the ERS.
Behavior of the sensitivity analysis is in accordance with what
was indicated by the ternary diagram. Considering that the NRTL
model properly described the LLE behavior of the systems, this
analysis indicated that use of the UNIFAC-LLE and UNIFAC-DRTMmodels in design analysis involving LLE for systems containing
glycerol + ethanol + FAEE can cause severe errors in predicting
stream compositions, and consequently in stream ﬂows of biodie-
sel settling. It can be observed that during biodiesel puriﬁcation,
biodiesel settling should occur with a low mass fraction of ethanol
to avoid FAEE losses in the GRS and diminish the glycerol content
in the ERS. In processes that utilize large amounts of excess etha-
nol, such as acid catalysis or transesteriﬁcation/esteriﬁcation at
high pressures, it is recommended that ethanol is partially or com-
pletely removed prior to the settling step.
4. Conclusions
Ethanol has greater afﬁnity for the GP than the EP in LLE of sys-
tems containing glycerol + ethanol + FAEE from macauba pulp oil.
Large quantities of ethanol in the systems hamper biodiesel puriﬁ-
cation by settling. The NRTL model represented more accurately
the LLE of the system than the UNIQUAC model. The UNIFAC-LLE
and UNIFAC-DRTMmodels, using the sets of parameters from liter-
ature, are not recommended to represent the LLE behavior of the
system in study without further adjustment. LLE data and molecu-
lar thermodynamic models can be used to improve the biodiesel
production process design.
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